Nerve agents are major chemical warfare agents with the "G series" and "V series" being the most widely known because of their lethal effect. Although not conspicuously used in major wars, the potential detrimental impact on modern society had been revealed from the sarin terror attack on Tokyo subway, which affected thousands of people. In this mini-review, major nerve agents of the "G series" and "V series" have been described along with various types of their detection methods. The physical properties and hydrolysis mechanisms of the major nerve agents are discussed since these are important factors to be considered in choosing detection methods, and specifying the procedures for sample preparations in order to enhance detection precision. Various types of extraction methods, including liquid-phase, solid-phase, gas-phase and solid-phase microextraction (SPME), are described. Recent development in the use of gas sensors for detecting nerve agents is also summarized.
INTRODUCTION
Nerve agents are principal chemical warfare agents because of their lethal impact in battlefields. Use of chemical weapons can be traced to the ancient records of Babylon, Egypt, Greece, Rome, India, and China [1] [2] [3] [4] . For example, hydrocyanic acid was studied in ancient Egypt for the purpose of using its fatal effect in battlefields [1] . In 1000 BCE, China produced a poisonous gas called "soul-hunting fog" containing arsenic for military uses [3] .
World War I was most conspicuous among all wars in the extent of using chemical weapons in battlefields. More than 3,000 chemical species were studied for military uses during World War I by chemists including three would-be Nobel Laureates of Germany and France [5] . To curb the development and production of chemical warfare agents, a Chemical Weapons Convention Detecting those chemical warfare agents usually requires large and sophisticated equipments such as gas chromatograph coupled with mass spectrometer (GC-MS), liquid chromatograph with mass spectrometer (LC-MS), and nuclear magnetic resonance (NMR) spectrometer. Although these detectors produce fairly reliable results, they are inconvenient to carry around and need special personnel to operate. Considering the urgency of the situation the chemical agents may cause, portability and easiness of operation are crucial. Much research has been endeavored to develop small and convenient sensors to detect nerve agents. In this short review, various types of nerve agents are described with emphasis on their decomposition mechanisms [6] [7] [8] [9] [10] [11] [12] . Depending on the condition of the environment the final analytes to be detected can be not only the nerve agents themselves but also their hydrolyzed products. The detecting methods, starting with the conventional methods are summarized, followed by recent studies of gas sensors for nerve agent detection. 
NERVE AGENTS
Chemical warfare agents are defined as substances "intended for use in military operations to kill, seriously injure, or incapacitate man because of its physiological effects" [13] . They are categorized into different species, nerve agents, blister agents, blood agents, choking agents and incapacitating agents. Among these, nerve agents can have the most detrimental effect on life systems. Recent reports on the Tokyo terrorist attack using sarin, the most well-known nerve agent, caused much alarm revealing its use is not limited to military purposes [14, 15] . The lethal effect of nerve agents on human can be understood by the rapid spread of the chemicals upon contact with the chemicals resulting high toxicity.
The chemical structures of the nerve agents are depicted in Fig.   1 . Two major categories of the nerve agents are the "G series" and the "V series". The "G series" derives its name from Germany, where these agents were synthesized. The "G series" is further divided into four different types: tabun (GA), sarin (GB), soman (GD) and cyclosarin (GF). The name V originates from the word venomous. "V series" agents are classified into four categories: VE, VM, VG, and VX, with VX being the most well-known. The basic chemical structure of the nerve agents is alkylphosphonic acid ester. The "G series" agents are characterized with P-F and P-CN covalent bonds, while the "V series" have P-S linkages.
Physical properties of the nerve agents are important factors for the extent of their toxicity. Since inhalation is one of the major routes for the agents to enter into biological systems, a more volatile agent would be more lethal. Chemical agents that can be dissolved readily in organic solvents may be toxic even when they are in contact with skin. If the density of a nerve agent is high, the agent can stay near the ground surface rather than in the air above.
The physical properties of the major nerve agents are described in Table 1 [16, 17] . The volatilities of most nerve agents are low; therefore, they exist as liquid at room temperature rather than as gas. Thus referring to nerve agents as nerve gas is misleading. The outbreak of the sarin attack at the Tokyo subway in 1995 led to the death of 13 people and injury of 6,300 [13, 14] individuals.
Considering the high toxicity of sarin the number of people dead was small. The situation can be understood by the way the chemical was installed. The sarin was place in a plastic box with a hole for evaporation, which due to low volatility must not have spread to wide range.
The degradation mechanisms of the nerve agents are crucial to both detection and decontamination [6] [7] [8] [9] [10] [11] [12] . Many studies have been reported regarding the decomposition of the nerve agents in the environment. It is noteworthy that most of the decomposition products of the "G series" and "V series" contain methylphosphonic acid (1-b) or phosphonic acid (5) . Most nerve agents degrade through hydrolysis or oxidation. In the case of "G series" the degradation proceeds through breakage of P-F and P-CN. In the case of sarin (GB) hydrolysis occurs at P-F bond to produce isopropyl methylphosphonic acide (1-a), which can further hydrolyze into methylphosphonic acid (1-b) [10, 11] . The hydrolysis of soman (GD) proceeds in a similar way as sarin (GB) does.
The similarity in the decomposition mechanism of sarin and soman can be understood from the similarity in their chemical structures. The decomposition occurs through the breakage of the P-F bond, which produces HF and alkyl methylphosphonic acid, in which the alkyl group is pinacolyl for soman and isopropyl for sarin. The final product of the decomposition of soman is methyl phosphonic acid (1-b in Fig. 2) . 
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The decomposition of the nerve agent GA involves two different paths depending on the mechanism of the hydrolysis since GA retains two potential reaction sites, P-O bond and P-CN (Fig. 4) [9, 11] . Under acidic conditions, the hydrolysis proceeds It is noteworthy that the difference in chemical structure between "G series" and "V series" is reflected in the differences in physical properties of these chemicals. The environmental decomposition rate of VX is relatively slow compared with that of the "G series". As can be seen from Fig. 5 , the hydrolysis of VX proceeds via two different paths depending on the condition. It was reported that the hydrolysis of VX proceeds faster in the high pH range [18] . When the pH is higher than 10 or lower than 6, 
DETECTION OF NERVE AGENTS

Extraction Methods
In the environment, as described above, the chemical nerve agents undergo decomposition through hydrolysis producing alkylphosphonic acids. Since these phosphonic acids are not usually present in the environment, detection of these phosphonic acids is a reasonable method to verify the existence of nerve agents in the related matrices. Therefore, not only the original nerve agents but also their hydrolyzed products are the important source of information for discerning hazardousness [19] . Since the target analyte of the nerve agents can exist in various forms, procedures for sample handling should be carefully chosen.
Usually, the analysis is time-consuming and labor-intensive. Therefore, speed is one of most important factors in sample preparation. In addition only very small quantities of toxic chemicals exist in the samples, an efficient extracting procedure is very important. Indeed, the Organization for the Prohibition of Chemical Weapons (OPCW) has provided a few reviews regarding this [20, 21] . After extraction, the extracts can be analyzed by various methods [22] [23] [24] [25] [26] [27] . Extraction methods can be classified according to the extraction phases used: solid-phase, liquid-phase and gas-phase methods. Solid-phase microextraction (SPME) is a method used increasingly due to its advantages in sample preparation. The merits for sample preparation make it an efficient method for onsite analysis. The target sample is exposed to the extraction material which is dispersed on a substrate. The extraction phase that contains the target analytes can be directly connected to a GC or extracted with proper solvents [36] [37] [38] [39] .
The syringe is one of the important parts in SPME [40] . The needle tip of the syringe is made of a fused silica fiber and metal part is coated with sorption materials. Various types of SPME fibers are commercially available from Supelco (Bellefonte, Pam USA) [41, 42] . Since the function of the fiber is to absorb the analytes, choosing the SPME coating affects the analysis result. The "G series" nerve agents, sarin, soman and tabun were analyzed by SPME method using GC as a detector. The samples were drawn from various types of waters by taking the water samples from river, sea and sewage. The limit of detection (LOD) was turned out to be 0.05 µg/L. Also VX in those waters was analyzed by SPME under the same analysis condition resulting 
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Young Jun Kim and Jae Doo Huh LOD of 0.5 µg/L. For these analyses PDMS/DVB of 65 µm was used as the fiber coating material [39] . In another analysis DMMP, which is used as a simulant for sarin, was analyzed using FID as a detector with LOD of 1.11 µg/L. In this case somewhat more polar fiber material was used, the copolymer of hydroxylterminated silicone oil and DVB [43] . Clothing contaminated with VX was analyzed using MS as a detector and PDMS the fiber coating material [44] .
Solvent extraction is the most typical method used in conventional analysis, where immiscible solvents are used for extraction. In order to extract organophosphorus nerve agents and simulants from painted wallboard, mixture of dichloromethane (DCM) and acetone (1:1) was used [45] . Soils contaminated with Vseries agent was extracted with mixture of DCM and hexane. The analysis was accomplished with high sensitivity based on gas chromatography (GC) with flame photometric detection (FPD) [46] .
Gas phase analysis mostly accompanies with pre-concentration.
When gas phase method is used, the media is mostly air environment in which the concentration of the analyte is so small as to require pre-concentration procedure before being analyzed by GC. Normally when thermal desorption (TD) tube is used for pre-concentration, GC is used as analysis equipment [47, 48] .
Instead of polymer sorbent material, glass beads with some porosity was used to analyze VX nerve agent that exists in air environment with very low concentration [49] . Since different from polymer absorbent the porous glass bead does not dissolve in solvents the extraction can be processed using solvent. In this report isopropyl alcohol was used as the solvent to be analyzed by LC-MS.
Gas Sensors
Usually gas sensors are smaller and easier to carry around than the apparatus for chromatographic analysis. Moreover, sample handling is simple and the analysis takes much less time, which can be crucial in detecting toxic chemicals [50] .
Carbon nanotube networks were used as a sensing material for detecting DMMP at room temperature with LOD of 1 ppm [51] . The same group prepared CNT sensor on a silicon wafer [52] .
The variability of electrical property of a conducting polymer due to absorption of nerve agent was used as sensing element.
Moreover the surface of the sensing material was increased by forming the polypyrrole hybrid nanoparticles on the surface of iron oxyhydroxide nanoparticle [53] . Dimethyl methylphosphonate (DMMP), which is a simulant molecule for the toxic sarin gas, was able to be detected to 0.1 ppb. Such a high level of detection capability can be traced to the high surface area due to characteristic hybrid nanostructure.
Switchability of electrical properties in polymer-dispersed liquid crystal (PDLC) was used for detecting DMMP [54] . Carbon 
